N
ewcastle disease (ND), caused by virulent isolates of Newcastle disease virus (NDV), infects poultry globally and results in significant economic losses and trade restrictions (1) (2) (3) . Infections with these isolates have been shown to lead to fatality rates of up to 100% (3) (4) (5) (6) . NDV belongs to the order Mononegavirales, family Paramyxoviridae, subfamily Paramyxovirinae, and genus Avulavirus (7, 8) . NDV is an enveloped virus that contains a negative-sense, single-stranded RNA genome of ϳ15,200 nucleotides (nt) that contains six genes, which encode seven proteins, whose transcription occurs in the 3=-to-5= orientation, resulting in decreasing amounts of protein with each ensuing gene (9, 10) . The proteins encoded include nucleoprotein (NP), phosphoprotein (P), matrix (M), fusion (F), hemagglutinin-neuraminidase (HN), and the RNA-dependent RNA polymerase (or large polymerase) (L) (10) . The replication of the genome is controlled by the "rule of six," which requires the genome length to be a multiple of 6 for the proper packaging of the RNA genome by NP into the virion (5, 11, 12) .
The virulences of different NDV isolates vary remarkably, where clinical manifestations can range from a lack of clinical signs to severe malaise, respiratory distress, or neurological signs and death (3, 4) . Due to such a protean presentation, different methods have been developed to classify the virulence of NDV isolates. Historically, NDV isolates are pathotyped into three groups based on their clinical presentation: the least virulent isolates are termed lentogenic and are usually asymptomatic, moderately virulent strains are termed mesogenic and typically present with respiratory or neurologic signs, and the most virulent strains are termed velogenic (viscerotropic or neurotropic) and are often fatal due to extensive necrosis and hemorrhaging (3, 4) . Currently, the internationally recognized method for classifying the virulence of NDV strains is the intracerebral pathogenicity index (ICPI) score, which can be further supported by determining the cleavage site sequence of the F protein (13) . Strains with ICPI scores of 0.7 to 1.5 are considered mesogenic, whereas those with ICPI scores of Ͼ1.5 are velogenic (3, 10) ; however, the United States designated all NDV strains with ICPI scores higher than 0.7 to be select agents that are virulent and reportable, to follow the World Organization for Animal Health (OIE) and European Union standards (13) . The cleavage site of the F protein has been shown to be the main molecular determinant of NDV virulence, as strains with an F protein cleavage site with at least 3 arginine or lysine residues between positions 113 and 116 and a phenylalanine residue at position 117 are considered virulent (13) .
NDV isolates all belong to one serotype but have been determined to contain significant genetic diversity and are therefore grouped into two distinct classes (class I or II), based on genome lengths and nucleotide sequences (14) (15) (16) (17) (18) . Class I strains have genome sizes of 15,198 nt and are found worldwide, typically from waterfowl and shorebirds (15) (16) (17) 19) . Class II strains have genome sizes of 15,186 nt, are also observed worldwide, and are typically found circulating within wild-bird and poultry species, and this class contains some of the more virulent genotypes (17) . Furthermore, a third genome size has been recognized within class II strains with a genome length of 15,192 nt, and virus strains belonging to genotypes V to VIII, which represent only virulent strains, make up this group (15) . The insertion of 6 nucleotides in the 5= noncoding region (NCR) of the nucleoprotein was identified as the cause for the increase in the genome size (15, 20) . Genotype VII strains are the predominant virulent strains circulating and have recently been isolated in broiler, layer, and breeder farms in Jordan, duck flocks in China, live-bird markets in Nigeria, pheasant farms in Spain, and poultry farms in Malaysia (21) (22) (23) (24) . NDV strains are constantly evolving, and numerous new genotypes and subgenotypes have been discovered in the last few decades (16) . Recently, the genetic diversity of NDV was reassessed, and a system that separates the different NDV genotypes based on objective criteria was proposed (25) . Under these criteria, class I viruses comprise a single genotype, and class II viruses are separated into 15 genetic groups, including the 10 previously established genotypes (genotypes I to IX and XI) and five new genotypes (genotypes X, XII, XIII, XIV, and XV) (25) . As reviewed previously by Diel et al. (25) , this classification system is based on the NDV genotyping system (26) (27) (28) (29) , and it uses the phylogenetic relationship and the evolutionary distances between genetic groups to classify NDV isolates into genotypes. The basis of this classification system allows researchers to easily determine whether they have identified a new genotype.
Together with this growing genetic diversity, there are increasing numbers of reports suggesting that traditional NDV vaccines may not be efficient in protecting against viruses belonging to genetically distant groups (30) (31) (32) or that new NDV isolates may have extended host ranges (33) . ND is endemic to over 50% of the countries raising poultry but is considered exotic to the U.S. poultry industry (15, 23, 34) . However, threats of exposure still occur through migration, through the illegal importation of birds from areas where ND is endemic, and possibly through apparently healthy wild-pigeon and cormorant populations that harbor virulent NDV (vNDV). Due to the extensive costs of containing vNDV outbreaks, the existence and maintenance of epidemiological surveillance strategies are critical. (13) . Briefly, chickens were inoculated at 1 day of age with 0.05 ml of a 1:10 dilution of infective allantoic fluid. Chicks were monitored daily and scored as 0 for normal, 1 for sick or paralyzed, or 2 for dead, to compile a score for the 8-day observation period (13) .
Clinicopathological assessment in chickens. To determine the ability of NDV-DR499-31/08 to induce disease in chickens, two groups of 10 4-week-old SPF White Leghorn chickens (n ϭ 20) were inoculated with 0.1 ml of an NDV-DR499-31/08 viral suspension (in brain heart infusion [BHI] broth), with half administered in the conjunctival sac and half in the choanal slit. Phosphate-buffered saline (PBS) was used for the uninfected control birds (n ϭ 10). The target dose of the inoculum was 10 5.0 50% embryo infectious doses (EID 50 ). The birds were clinically monitored every day, and two birds from each group were euthanized at 2, 5, 10, and 14 days postinoculation (dpi). Birds whose condition became critical were euthanized regardless of the scheduled sampling day.
Tissues (n ϭ 25) (eyelid, spleen, bursa of Fabricius, thymus, Harderian gland, proventriculus, small intestine, cecal tonsils, large intestine, air sac, trachea, lung, heart, esophagus, pharynx, crop, brain, liver, pancreas, kidney, comb, head of left femur including bone marrow, and nasal turbinate) were collected and processed as previously described (8) . All sampled tissues were routinely processed in paraffin, and 3-m sections were cut for hematoxylin and eosin (HE) staining and immunohistochemistry (IHC).
Immunohistochemistry. To determine the distribution of viral antigen in the organs of the infected chicken, IHC was carried out on the same organs collected for HE staining, as previously described (8) .
RNA isolation and sequencing. RNA isolation and sequencing were performed as previously described (35, 36) . Briefly, viruses (NDV-DR499-31/08, NDV-DR867-2/08, and NDV-DR28138-4/86) were propagated in eggs, RNA was extracted from allantoic fluids, and F genes were then amplified by reverse transcription-PCR (RT-PCR) and sequenced. The full F gene primers of NDV-DR499-31/08, NDV-DR28138-4/86, and NDV-Mex452/47 are available upon request. Upon initially receiving the specimen, the full fusion gene of chicken/DominicanRepublic/867-2/ 2008 was sequenced and provided by the NVSL.
The complete genome sequence of NDV-DR499-31/08 was determined by using a shotgun RT-PCR/sequencing approach, as previously described (35) .
Phylogenetic analysis. The full F genes and complete NDV-DR499-31/08 genome were phylogenetically analyzed as previously described (35) . Briefly, phylogenetic trees were constructed to localize NDV-DR499-31/08 among class II reference strains by using MEGA5 software (37) . Evolutionary distances were inferred by using the maximum likelihood method, as implemented in MEGA5 software (38) , and are shown as the number of base substitutions per site. Criteria to define new genotypes were based on those reported previously by Diel et al. (25) .
FIG 1
Molecular phylogenetic analysis of the complete NDV-DR499-31/08 genome sequence among 103 taxa available in GenBank. The evolutionary history was inferred by using the maximum likelihood method based on the general time-reversible model (40) . The tree with the highest log likelihood (Ϫ17,0944.0544) is shown. The percentages of trees in which the associated taxa clustered together are shown next to the branches. A discrete gamma distribution was used to model evolutionary rate differences among sites (4 categories [ϩG, parameter ϭ 0.8193]). The rate variation model allowed for some sites to be evolutionarily invariable ([ϩI], 35.2577% sites). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 103 nucleotide sequences. Codon positions included were the first, second, third, and noncoding positions. All positions containing gaps and missing data were eliminated. There were a total of 15,073 positions in the final data set. Evolutionary analyses were conducted by using MEGA5 (37) . Bootstrap values of less than 60 are not shown. 
RESULTS

NDV-DR499-31/08 belongs to the velogenic NDV pathotype.
The pathogenicity of isolate NDV-DR499-31/08 was assessed by sequencing of the F protein and by the ICPI test. As previously reported (39), the NDV F protein cleavage site has an amino acid sequence characterized by the presence of three basic residues at positions 113, 115, and 116 and a phenylalanine at position 117 ( 113 RQKR*F 117 ), which is consistent with a virulent NDV isolate (13) . The ICPI score for NDV-DR499-31/08 was 1.88, classifying it as virulent and notifiable based upon OIE international standards. Sequencing and ICPI testing were also performed at the initial time of isolation by the NVSL, similarly determining NDV-DR499-31/08 to be a virulent isolate of NDV (Janice Pedersen, NVSL, personal communication), and the isolate was immediately reported to the OIE.
Phylogenetic analysis of NDV-DR499-31/08 among other known NDV genotypes classifies it as a novel class II genotype. The complete genome of NDV-DR499-31/08 was sequenced (39) and phylogenetically analyzed with 103 representatives of other class II NDV genotype strains. This analysis identified NDV-DR499-31/08 to localize to a unique branch that is separate from all other currently known complete genomes of class II genotype strains (Fig. 1 ) by using the maximum likelihood method (40) . The viruses that align on branches closest to this strain belong to genotypes IV and VIII. The possibility of a recombination event was analyzed by using RDP3 (41), but none were detected (data not shown). To further analyze NDV-DR499-31/08 among class II NDV genotype strains, the evolutionary distances between the complete genomes were analyzed by using MEGA5 and are shown as the number of base substitutions per site when averaged for each genotype. To test this, representative strains from 12 of the class II NDV genotypes were analyzed (genotype I, n ϭ 19; genotype II, n ϭ 17; genotype III, n ϭ 3; genotype IV, n ϭ 4; genotype V, n ϭ 11; genotype VI, n ϭ 18; genotype VII, n ϭ 18; genotype VIII, n ϭ 2; genotype IX, n ϭ 6; genotype XI, n ϭ 2; genotype XII, n ϭ 1; genotype XIII, n ϭ 1). These data showed that NDV-DR499-31/08 was significantly distant from all other class II reference strains (Table 1) . NDV-DR499-31/08 has the shortest evolutionary distance with viruses in genotype VIII (0.185 substitutions per site), while the longest evolutionary distance is with viruses belonging to genotype XI (0.256 substitutions per site) ( Table 1) . These distances are all greater than 10%, suggesting that NDV-DR499-31/08 is significantly distinct.
Because the complete genome analysis suggested that NDV-DR499-31/08 belongs to a previously unidentified NDV genotype, the full fusion gene sequences of novel viruses recovered from the surrounding geographical regions were also analyzed. These viruses included another isolate collected from a separate incident within the Dominican Republic in 2008 (chicken/DominicanRepublic/867-2/2008, referred to as NDV-DR867-2/08), an isolate from the Dominican Republic in 1986 (chicken/DominicanRepublic/28138-4/1986, referred to as NDV-DR28138-4/86), and an isolate collected in Mexico in 1947 (chicken/Mexico/Queretaro/452/1947, referred to as NDV-Mex452/47). When these isolates were compared with other full fusion gene sequences of class II reference strains, all four were located, and fully supported with a high bootstrap value, on a branch separate from the other reference strains (n ϭ 29) (Fig. 2) . Similarly, a separate tree analyzing over 600 NDV fusion nucleotide sequences also identified these four viruses as clustering together in a single clade (data not shown).
As before, the evolutionary distances between genotypes were determined by comparing the full fusion gene sequence of NDV-DR499-31/08 with those of other known NDV reference strains (n ϭ 590). To test this, representative strains from each of the class II NDV genotypes were analyzed (genotype I, n ϭ 66; genotype II, n ϭ 102; genotype III, n ϭ 9; genotype IV, n ϭ 6; genotype V, n ϭ 45; genotype VI, n ϭ 57; genotype VII, n ϭ 231; genotype VIII, n ϭ 4; genotype IX, n ϭ 19; genotype X, n ϭ 18; genotype XI, n ϭ 4; genotype XII, n ϭ 6; genotype XIII, n ϭ 8; genotype XIV, n ϭ 6; genotype XV, n ϭ 5; genotype XVI, n ϭ 4), and the evolutionary distances were averaged for each genotype. The results showed that these four viruses are significantly distant (Ͼ10%) from all of the other class II genotype strains (Table 2 ). According to criteria reported previously by Diel et al. (25) , who stated the requirements for the classification of a new NDV genotype, these strains can be classified as a novel class II NDV genotype, genotype XVI. Furthermore, these data suggest that NDV-DR28138-4/86 and NDV-Mex452/47 are ancestors of the two viruses isolated from the Dominican Republic in 2008 and that they may have been circulating and evolving in the region for many years unnoticed. The fusion protein sequences of these novel genotype XVI viruses were compared to that of the LaSota strain to analyze their similarity to a common vaccine strain often used to protect against virulent NDV infections in the field. The results showed that the ancestral viruses NDV-Mex452/47 and NDV-DR/28138-4/86 had fusion protein sequences less divergent from that of LaSota (9.9% and 13%, respectively) than those of the NDV-DR499-31/08 and NDV-DR/867-2/08 strains, which were 14.6% divergent (Table 3 ). More specifically, this analysis shows that these genotype XVI viruses have actually evolved away from the LaSota fusion sequence over time as well as away from the ancestral viruses. Similarly, high levels of divergence between NDV-DR499-31/08 and LaSota were also observed for the HN (15.3%), M (13.2%), NP (9.6%), P (7.6%), and L (7.6%) proteins (data not shown).
Infection of chickens with NDV-DR499-31/08 results in characteristic viscerotropic velogenic Newcastle disease.
The clinicopathological characteristics and pathogenicity of NDV-DR499-31/08 were assessed by using 4-week-old SPF chickens. All birds were successfully infected with NDV-DR499-31/08, and clinical signs consisted of progressively worsening prostration, malaise, and mucous diarrhea, with all birds spontaneously dying or being euthanized by day 4 postinoculation (p.i.). Gross lesions were initially observed at day 2 p.i. and consisted of severe bilateral conjunctivitis, multifocal necrosis of the spleen, and multifocal necrosis and hemorrhages of the intestine (Fig. 3a) and cecal tonsils. Severe atrophy of the thymus was observed by day 3 p.i. and was associated with perithymic hemorrhages and edema. By day 4 p.i., infected birds had multiple ulcerations and necrosis of the proventricular mucosa. Control (PBS-treated) chickens did not exhibit any clinical symptoms or present any disease.
Microscopic changes were observed for multiple organs, and the severity of lesions peaked at day 4 p.i. (end of the experiment). A summary of the severity and distribution of in these changes is reported Table 4 . Overall, this virus targeted principally the eyelids (inoculation site); the mucosa-associated lymphoid tissues (MALT), such as the lymphoid patches surrounding the proventricular glands and the cecal tonsils (Fig. 3b) ; and the lymphoid organs, such as the thymus, bursa, and spleen (Fig. 3d) . Lesions consisted of severe lymphoid depletion and necrosis that resulted in an accumulation of prominent macrophages, necrotic debris, and scattered heterophils. In the intestines, the destruction of the MALT resulted in necrosis and ulceration of the overlying epithelium. Other lesions consisted of multifocal necrosis of the tubular renal epithelium (Fig. 3g) , multifocal necrosis of the lymphoid tissues surrounding the renal pelvis, and multifocal necrosis centered on the areas of extramedullary hematopoiesis situated in portal areas of the liver. In addition, infected animals showed multifocal areas of myocardial necrosis that were more prominent immediately beneath the epicardium and were characterized by multifocal myonecrosis with an accumulation of macrophages. In the respiratory tract, lesions involved the bronchial-associated lymphoid tissue (BALT), with the most severe lesions being observed in the laryngeal tonsils, characterized by necrosis of the submucosal lymphoid aggregates that resulted in multifocal epithelial ulceration and a loss of the overlying epithelium.
In infected cells, immunolabeling by IHC for the NDV nucleoprotein showed intracytoplasmic staining that was finely to coarsely granular; however, extracellular signal (fine granular staining) was occasionally observed in necrotic areas. There was a widespread distribution of nucleoprotein staining observed, showing 20 positive tissues out of 25 analyzed. The strongest signal was found at day 4 p.i., when all the remaining birds died spontaneously or were euthanized in extremis. Organs with the strongest signal were the eyelids, the lymphoid organs, and the MALT in multiple tissues (Fig. 3b, inset) . In the spleen, immunoreactivity was confined to the fixed macrophage-dependent areas around the penicillary arteries (Fig. 3f) , while in the thymus and bursa, positive cells consisted mainly of lymphocytes and macrophages. In the respiratory system, the positive signal was confined to the pharyngeal tonsils and with scattered lymphoid aggregates closely associated with the secondary and tertiary bronchi (BALT). In the digestive tract, intense positivity for NDV was observed only within the submucosal lymphoid aggregates, with no staining being observed in the epithelial lining. Intense immunolabeling was observed in the tubular epithelial cells of the kidney and in scattered interstitial cells, often associated with areas of tubular necrosis (Fig. 3i) . In the liver, immunolabeling was observed in the necrotic areas involving the areas of extramedullary hematopoiesis and in scattered Kupffer cells. Multifocal immuno- a The numbers of base substitutions per site from averaging over all sequence pairs between groups are shown. Standard error estimates are shown above the diagonal (in parentheses). Analyses were conducted by using the maximum composite likelihood model (38) . The differences in the composition bias among sequences were considered in evolutionary comparisons (45) . The analysis involved 590 nucleotide sequences. labeling was also observed in the keratinocytes within the esophageal mucosa, associated mostly with areas of attenuation/erosion. In the heart, areas of positive signal were present in the epicardium. In the pancreas, there was intense staining in areas of cellular degeneration and necrosis.
DISCUSSION
Numerous outbreaks of ND throughout Central and South America are consistently reported to the World Organization for Animal Health (13), as ND is endemic to many of the countries located in these regions (http://web.oie.int/wahis/public.php?page ϭcontrol&disease_typeϭTerrestrial&disease_idϭ16&selected_start _yearϭ2011&selected_report_periodϭ1). The isolate characterized here, NDV-DR499-31/08, was initially identified in apparently healthy chickens, whereas the NDV-DR867-2/08 isolate was isolated from chickens displaying clinical signs and an increase in the mortality rate (ϳ3%). The aim of this paper was to further characterize NDV-DR499-31/08 by full genomic sequencing, standard pathotyping, and detailed clinicopathological assessments of 4-week-old chickens. The ICPI score and the sequencing of the F protein cleavage site determined this isolate to be virulent and therefore notifiable (13) . Clinicopathological characterizationdemonstratedthatNDV-DR499-31/08hadthetypicalphenotypeof a viscerotropic velogenic strain, similar to other virulent NDV strains currently circulating throughout the world (35, 36) . Because the source of the outbreak remains unknown, further surveillance studies sampling local wild-bird species and healthy, in addition to clinically ill, poultry flocks throughout the region are highly recommended. The NDV-DR499-31/08 isolate analyzed in the current study has a genome size of 15,192 nt, classifying it among the more evolutionarily recent strains of NDV. Phylogenetic analyses performed in this report identified it to be isolated within its own branch compared with 103 complete NDV reference genomes. Similarly, when the evolutionary distances were compared, none of the class II NDV genotypes were significantly related to NDV-DR499-31/08. These data suggest this isolate to be unique among the currently known and sequenced strains of NDV. Furthermore, other viruses isolated within the surrounding regions that were never previously sequenced were analyzed to determine if they were related. Phylogenetic analysis of the full fusion gene localized these viruses together in a single clade (bootstrap value, 100%). Recently, Diel et al. (25) reassessed the criteria for NDV genotype assignment, proposing that new genotypes (i) must be assigned based on a phylogenetic tree constructed by using the maximum likelihood method and the optimum nucleotide model with a bootstrap value greater than 60%, (ii) must have a mean evolutionary distance per site greater than 10% (maximum composite likelihood model), and (iii) must encompass at least four distinct isolates. The data presented in this paper fulfill these requirements and suggest that NDV-DR499-31/08, together with NDV-DR867-2/08, NDV-DR28138-4/86, and NDV-Mex452/47, belongs to a new genotype, referred to here as genotype XVI. Moreover, these data suggest that a virulent NDV isolate has been circulating and evolving throughout the Caribbean and surrounding regions unnoticed for over 2 decades and imply the possibility of an unknown reservoir for virulent NDV. It was previously reported that healthy white storks can harbor virulent NDV (genotype VII) (42) , and isolates of genotype VII have been shown to cause severe clinical signs and increased mortality rates in this same species (43) , thus implying the possibility of apparently healthy wild birds harboring the virus and then infecting other susceptible avian populations.
Clinicopathological assessments of NDV-DR499-31/08 determined it to be a classical viscerotropic velogenic strain of NDV. A similar tissue tropism has also been observed for other virulent strains (35, 36) . Interestingly, NDV-DR499-31/08 showed marked tropism for the tubular epithelial cells of the kidney, often in association with tubular necrosis. The presence of NDV in the tubules of the kidney might be implicated in the transmission of the virus by shedding. For instance, the kidneys of double-crested cormorants have been shown to possess high titers of NDV, as observed by virus isolation (44) .
Overall, the complete genome and evolutionary distance analyses of NDV-DR499-31/08 suggest that it is genetically distinct and, together with NDV-DR867-2/08, NDV-DR28138-4/86, and NDV-Mex452/47, belongs to a new genotype (genotype XVI) among class II NDV strains. Furthermore, epidemiological surveillance from the surrounding regions is required to determine whether this isolate is still circulating within wild-bird species and/or commercial poultry in an attempt to determine the currently unknown reservoir of this virus. Due to the extreme economic impact of virulent NDV outbreaks, extensively rigorous surveillance strategies need to be employed. Lastly, the analysis of the individual NDV-DR499-31/08 protein sequences here revealed it to be highly dissimilar to the commonly used LaSota vaccine strain, thereby suggesting that current vaccination programs may not protect from future outbreaks and further implying the necessity for improved control and diagnostic measures to prevent virulent NDV outbreaks from occurring.
